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Abstract 

The interaction between viral HA (hemagglutinin) and oligosaccharide of the host plays an important role in the infection and 
transmission of avian and human flu viruses. Until now, this interaction has been classified by sialyl(a2-3) or sialyl(a2-6) linkage 
specificity of oligosaccharide moieties for avian or human virus, respectively. In the case of H5N1 and newly mutated flu viruses, 
classification based on the linkage type does not correlate with human infection and human-to-human transmission of these 
viruses. It is newly suggested that flu infection and transmission to humans require high affinity binding to the extended confor- 
mation with long length sialyl(a2-6)galactose containing oligosaccharides. On the other hand, the avian flu virus requires folded 
conformation with sialyl(a2-3) or short length sialyl(a2-6) containing trisaccharides. This suggests a potential future direction for 
the development of new species-specific antiviral drugs to prevent and treat pandemic flu. 
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INTRODUCTION 

Yearly occurring epidemics are normally due to human- 
adapted viruses, such as H1N1, H3N2, or influenza B strains; 
while pandemics occurred in 1918 (Spanish flu), 1957 (Asian 
flu), 1968 (Hong Kong flu) and 2009 (Reassorted H1N1 flu) 
due to antigenic shift or accumulated antigenic drift. Each 
threatened flu pandemic was responsible for about 20-50 mil- 
lion deaths in the world (Belshe, 2005; Tumpey et al., 2005; 
Hayden and Pavia, 2006; Perrone and Tumpey 2007; Collins 
et al., 2008; Pappas et al., 2010). In the spring of 2013, the 
H7N9 viruses evolved by reassortment of genes from viruses 
found in Korean wild birds, Beijing bramblings, and Zhejiang 
duck (Cohen, 2013; Hvistendahl et al., 2013). Recently, con- 
cerns have also been raised over the possibility of new influ- 
enza pandemics from H5N1, H7N7, H7N9, and H9N2 avian 
virus subtypes and their reassorted or mutated viruses (Ison, 
2011; Samson et al., 2013). Recently, numerous avian H9N2 
viruses in South East and Middle East Asia and H7N2 viruses 
in North America have acquired human-type receptor bind- 
ing specificity through antigenic drift (Belser et al., 2008; Imai 
and Kawaoka, 2012). The newly raised and mutated viruses 



have become resistant to the actions of commercially avail- 
able antiviral drugs, such as adamantanes (amentadine and 
rimantadine) and oseltamivir (Tamiflu). The naturally occurring 
Tamiflu-resistant H1N1 influenza viruses had already spread 
globally in humans by 2009 (Gubareva ef al., 2000; Laver, 
2006; Srinivasan ef al., 2008). Influenza viruses H1N1pdm09 
and highly pathogenic H5N1 strains were reported to be os- 
eltamivir resistant due to point mutation, such as H274Y (N2 
numbering system) or H275Y (the N1 numbering system) 
(Baz et al., 2009; Memoli ef al., 2010; Lee and Yen, 2012; 
Jimenez-Alberto ef al., 2013; Mair ef al., 2014). Since 2006, 
the M2 ion channel blocker, adamantanes, has been associ- 
ated with widespread resistance among H1N1 (2009), sea- 
sonal H1N1, and H3N2 viruses (Stoner ef al., 2010; Puzelli 
ef al., 2011). Therefore, it is urgently necessary to develop 
new classes of antiviral drugs to prevent and treat threatening 
transmission and infections by Tamiflu- and/or amantadine- 
resistant viruses. 
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Avian Human 

Fig. 1 . Schematic representation of influenza A virion (A) Avian in-fluenza A virus (B) Human influenza A virus. HA (hemagglutinin) trimers, 
NA (neuraminidase) tetramers, and M1 (matrix protein) are spike-like proteins on the surface of the influenza A virus. M2 protein is the tar- 
get of the antiviral adamantanes. NS2 is one of interior proteins. The interior of the virion contains eight RNA segments. 



ANTIGENIC SHIFT AND DRIFT CAUSING MUTA- 
TIONS OF INFLUENZA VIRUSES 

Influenza viruses are RNA viruses that belong to the Or- 
thomyxoviridae family. They include influenza A, B, and C 
viruses. Among these viruses, influenza A virus has various 
hosts, including migratory water birds, domestic birds, swine, 
horses, fowl, dogs, cats, and also humans (Stevens et al., 
2006a; Taylo and Drickame, 2011; Imai and Kawaoka, 2012; 
Rumschlag-Booms and Rong, 2013). Due to the diversity of 
hosts, influenza A viruses can reassort, mutate, and transmit 
among a wide range of hosts and also contribute to annual 
epidemics, as well as to global pandemics. The influenza A 
virus carries eight single stranded RNA segments, as shown 
in Fig. 1 (Gubareva etal., 2000; Taylo and Drickame, 2011). 

Due to the segmented nature of the viral RNA, the gene 
segments of one virus can reassort with those of another virus 
during replication in the infected host cell and form new patho- 
genic flu viruses. This reassortment event is referred to as an- 
tigenic shift (Layne etal., 2009; Yoo, 2011 ; Rumschlag-Booms 
and Rong, 2013). The newly formed virus can be especially 
dangerous if a human-adapted virus, such as H1N1 or H3N2, 
acquires genes from a highly pathogenic strain, such as H5N1 
(Fig. 2). Antigenic drift is another mutation factor of influenza 
viruses because they have characteristics as flu viral RNA 
polymerase. Unlike the DNA polymerase, RNA polymerase 
does not have a proofreading function for when a genomic 
error occurs. Therefore, influenza virus can accumulate muta- 
tions within its genome during replication (Rumschlag-Booms 
and Rong, 2013). If a highly pathogenic avian virus acquires 
the ability to enter and replicate in humans through numerous 
subtle mutations, the virus also becomes highly pathogenic 
to humans. 

The major four influenza pandemics that occurred in 1918, 
1957, 1968, and 2009 are thought to have mainly arisen via 
antigenic shift and drift. The pandemic of 1957, caused by 
the "Asian Influenza" H2N2 virus, was mutated by the reas- 
sortment of an avian virus with a human virus (Tumpey et 



al., 2005; Collins et al., 2008; Rumschlag-Booms and Rong, 
2013). A similar case was seen with the pandemic of 1968, 
referred to as the "Hong Kong influenza." The HA gene of this 
virus occurred through the reassortment of human-adapted 
H3 strain genes and one of eight RNA segments of the avian 
virus (Neumann and Kawaoka, 2006; Neumann et al., 2009). 
The 2009 pandemic H1N1 was caused by a reassorted swine 
strain. Swine acted as an intermediate host for the genetic 
mixing of avian, swine, and human influenza viruses. Several 
intermediate species-such as pig, duck, quail, and chicken- 
may play an important role in the emergence of novel influ- 
enza viruses capable of causing a human pandemic (Stevens 
etal., 2004; Layne etal., 2009; Xu etal., 2012). 



LINKAGE SPECIFICITY OF AVIAN- AND HUMAN- 
INFLUENZA VIRUSES 

Many viruses, including influenza viruses, recognize specif- 
ic oligosaccharides containing sialic acid to attach to the host. 
The viral surface has two major surface spike-like glycopro- 
teins: HA (hemagglutinin) and NA (neuraminidase), as shown 
in Fig. 1 . HA exists four or five times more abundantly than NA 
on the virion surface. HA uses a membrane fusion activity, as 
well as a sialic-acid-binding activity, to initiate the process of 
entering the host cell; while NA can release the newly formed 
virus particles from an infected cell (Xu ef al., 2012). 

Based on structural studies of the highly conserved cata- 
lytic site of influenza NA(Colman et al., 1983; Varghese et al., 
1 983), several NA inhibitors were developed as competitive in- 
hibitors. There are currently two kinds of neuraminidase inhibi- 
tors approved worldwide (oseltamivir and zanamivir), and two 
other NA inhibitors (laninamivirand peramivir) are approved in 
Japan and Korea but are under investigation elsewhere (Ison, 
2011; Lee and Yen, 2012; Clercq, 2013). Because oseltamivir 
has a large hydrophobic side chain, the binding of oseltamivir 
to influenza NA requires a conformational change in the side 
chain of E276 (Collins ef al., 2008). In contrast, the molecu- 
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Fig. 2. Schematic representation of antigenic shift or reassortment. Due to the segmented nature of the viral RNA, the gene segments of 
one virus can reassort with those of another virus during replication in the infected host cell and form new pathogenic flu viruses. The newly 
formed virus can be especially dangerous if a human adapted virus, such as H1N1 or H3N2, acquires genes from a highly pathogenic 
strain, such as H5N1 . 



lar structure of zanamivir includes a guanidine group instead 
of the hydrophobic group. The guanidine group interacts with 
the conserved E119 residue without undergoing a side chain 
conformational change (Zurcher et al., 2006). Peramivir is a 
cyclopentane derivative with a guanidinyl group similar to that 
of zanamivir and a hydrophobic group similar to that of oselta- 
mivir (Babu etal., 2000; Bantia etal., 2001). Laninamivir is the 
active product of the esterified octanoate CS-8958 and has 
binding properties similar to zanamivir (Vavricka et al., 2011). 
Due to differences in the modes of action between oseltamivir 
(Tamiflu) and zanamivir (Relenza), oseltamivir-resistant mu- 
tations do not confer resistance to zanamivir or laninamivir 
(Hayden, 2009). Recently, because of increasing levels of re- 
sistance to both oseltamivir (Tamiflu) and zanamivir (Relenza), 
the development of alternative anti-influenza drugs based on 
HA or other components of the virus are urgently needed. 

The viral glycoprotein HA binds to sialic-acid-containing oli- 
gosaccharide moieties to initiate endocytosis. There are vari- 
ous kinds of sialic-acid-containing oligosaccharides in nature, 
such as sialic acids containing (a2-3) or (a.2-6) linked to Gal 
(galactose) or GalNAc (N-acetyl galactosamine), sialic-acid- 
containing (a2-6) linked to GlcNAc (N-acetyl glucosamine), 
or sialic-acid-(Neu5Ac: N-acetyl neuraminic acid) containing 
(a2-8) linked to another sialic acid residue. Among these oli- 
gosaccharides, influenza viruses do not bind to Neu5Ac(a2- 
8)-linked oligosaccharides (Layne et al., 2009). They can re- 
cognize only sialyl(a2-3)- or sialyl(a2-6)-linked disaccharide 



moieties, such as Neu5Ac(a2-3)Gal or Neu5Ac(a2-6)Gal, 
Neu5Ac(a2-3)GalNAc or Neu5Ac(a2-6)GalNAc, and Neu5Ac 
(a2-6)GlcNAc-containing oligosaccharides (Paulson etal., 2006; 
Taylo and Drickame, 2011). 

Until now, the general paradigm for the determination of avi- 
an- and human-virus infection is that human-flu viruses prefer- 
entially bind to sialyl(a2-6)-linked disaccharides, whereas avi- 
an flu viruses bind to sialyl(a2-3)-linked disaccharide moieties 
of the host receptor binding sites (Paulson et al., 2006; Viswa- 
nathan ef al., 2010). In the case of H5N1, H7N9, and other 
mutated flu viruses, classification based on linkage specificity 
does not correlate with the tendencies of human infection and 
intra- and inter-species transmissions of flu viruses. 

Even though the highly pathogenic H5N1 viruses show 
strong sialyl(a2-6)-binding property with weak sialyl(a2-3)- 
binding property, they have shown inefficient human infection 
and human-to-human transmission (Hatta etal., 2001; Nguy- 
en ef al., 2005; Russel et al., 2006; Stevens et al., 2006b; 
Nicholls ef al., 2007; Haselhorst etal., 2008). NY18 H1N1, a 
mixed sialyl(a2-3) and sialyl(a2-6)-binding virus, is not trans- 
mitted from avians to humans efficiently. On the contrary, Tx91 
H1N1, another mixed sialyl(a2-3) and (a2-6)-binding virus, is 
capable of efficient avian-to-human transmission and human- 
to-human transmission. These mismatched results will be 
explained by other characteristics of oligosaccharides at the 
receptor binging sites of the hosts. 
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Table 1 . Correlation between binding specificities and adaptation to humans according to influenza virus types 



Virus Strain 


Linkage type 


Adaptation 


Conformation 


Ref 


H3N2 


Long (a2-6) 


Human adapted virus 


Extended conformation 


Matrosovich etal., 2013 
Xu etal., 2009 


H1N1 


Long (cc2-6) 


Human adapted virus 


Extended conformation 


Chandrasekaran ef a/., 2008 
Xu etal., 2008 
Xu etal., 2009 


H5N1 


Short (a2-6) 


Avian virus 


Folded conformation 


Chandrasekaran et ai, 2008 
Wang and Zheng, 2009 
Watanabe et ai, 2012 


Tx92 


Long (a2-6) 


Human adapted virus 


Extended conformation 


Chandrasekaran er a/., 2008 
Xu etal., 2009 
Yen et a/., 2007 


Sc18 


Long (a2-6) 


Human adapted virus 


Extended conformation 


Chandrasekaran et ai, 2008 
Xu etal., 2009 
Yen et a/., 2007 


Av18 


(a2-3) 


Avian virus 


Folded conformation 


Bateman etal., 2010 
Chandrasekaran et ai, 2008 
Gambaryan et ai, 2005 
Xu etal., 2009 
Yen et ai, 2007 


NY18 


Short (a2-6) 


No transmitted to human 


Extended conformation 


Chandrasekaran et ai, 2008 
Gambaryan et ai, 2005 
Yen ef a/., 2007 



CONFORMATIONAL SPECIFICITY OF AVIAN- AND 
HUMAN-FLU VIRUSES 

Claas et al. (1998) suggested early on that the size and 
shape of glycan receptors, rather than the specific linkage 
type, are important determinants for human adaptation of in- 
fluenza A viruses by using HA-glycan conformational analysis 
and glycan-binding assays. Until now, several researchers 
have found that human-adapted viruses prefer to bind with 
longer oligosaccharide chains (Kumari ef ai, 2007; Stevens, 
et ai, 2008; Shriver ef a/., 2009; Viswanathan ef ai, 2010; 
Chen ef ai, 2012; Yamada ef a/., 2012). Crystal structure anal- 
ysis has revealed that human H3 HA has a wider receptor- 
binding pocket than does avian H5 HA. This property may al- 
low frequent opportunities for H3 HA to make contact with the 
long a2-6 oligosaccharide receptors (Ha ef ai, 2001). 

Chandrasekaran ef al. found that H5N1 viruses can bind 
with short length sialyl(a2-6)-linked trisaccharides-such as 
sialyl(a2-6)Gal(pi-3)Glc or sialyl(a2-6)Gal(p1-3)GlcNAc, as 
well as sialyl(a2-3)-linked trisaccharides-but cannot bind with 
long length sialyl(a2-6)oligosaccharides greater than tetrasa- 
charides, such as Neu5Ac(a2-6)(Gal(p1-3/4)GlcNAc)n, where 
n is greater than 2 (Chandrasekaran etal., 2008). NY18 H1N1 
also binds with short length sialyl(a2-6)-linked trisaccha- 
rides but does not have HA-binding specificity to long length 
sialyl(a2-6)oligosaccharides. On the contrary, Tx91 H1N1 
shows HA binding to long sialyl(a2-6) oligosaccharides (Table 
1 ) (Gambaryan ef al. , 2005; Xu ef ai, 2008; Sorrell ef al. , 201 1 ; 
Matrosovich ef ai, 2013). 

HA-glycan cocrystal studies indicated that the conformation 
of the Neu5Ac(a2-3)Gal disaccharide occupies a small region 
of space in the receptor binding site of the host. This is defined 



as a folded or cone-like glycan conformation (Shriver ef ai, 
2009; Sorrell ef ai, 2011). Compared to the Neu5Ac(a2-3)Gal 
linkage (ij> and y rotational bond), the presence of the C6-C5 
bond (co-bond) in the Neu5Ac(a2-6)Gal-containing oligosac- 
charide provides additional conformational flexibility to the 
Neu5Ac(a2-6)Gal linkage (Fig. 3). This flexibility enables the 
Neu5Ac(a2-6)Gal moiety to rotate in a wider region of space 
and to adapt to an extended or umbrella-like conformation (Ha 
ef al., 2001; Ha ef ai, 2003; Shriver ef ai, 2009). This con- 
formation corresponds to the degrees of rotational freedom 
according to different linkage types of permethylated Gal(J31-3) 
GlcNAc- and Gal(p1-6)GlcNAc-containing trisaccharides (Yoo, 
2001 ;Yoo and Yoon, 2008). 

Human-to-human transmission may require not only a spe- 
cific linkage position but also the conformational flexibility of 
sialic-acid-containing oligosaccharides as the receptor bind- 
ing requirement of viral HA. HAs of the human-adapted influ- 
enza virus specifically prefer extended conformation with long 
sialyl-(a2-6)-linkage-containing oligosaccharides, such as Ne- 
u5Ac(a2-6)(Gal(p1-3/4)GlcNAc) ri , where n is greater than 2 
(Chandrasekaran ef ai, 2008; Shriver ef ai, 2009). Raman 
and Sasisekharan (2007) studied conformational aspects of 
HA-glycan interaction beyond the sialic acid linkages. Also, Xu 
ef al. (2009) reported that avian H5 prefers the tightly folded 
umbrella-like conformation of long a2-6-linked tetrasaccha- 
rides based on the glycan microarray and molecular dynamics 
studies. 

Lectin binding studies in the human respiratory tract dem- 
onstrated that the lungs and lower respiratory tract had mainly 
sialyl(a2-3)-linked receptors (Stevens ef al., 2006b; Rumsc- 
hlag-Booms and Rong, 2013; Walther ef ai, 2013). The Tan- 
dem MS/MS study also indicated that the human lungs and 
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Human vims receptor:(a2-6) linkage 

Fig. 3. The constitution of trisaccharides consisting in the recep- 
tors of avian influenza viruses and human influenza viruses. (A) 
Avian virus receptor: Neu5Ac(a2-3)Gal(pi-3)GlcNAc and the 
torsion angle, <|> and y. (B) Human virus receptor: Neu5Ac(ct2-6) 
Gal(p1-3)GlcNAc and the torsion angle, v|/ and co. 



bronchus contain mixtures of (a2-3)- and (a2-6)-linked sialic 
acid and that the bronchus contains more (a2-3)-linked sialic 
acid than does the upper respiratory tract (Fig. 4). As in adults, 
the lungs and bronchus of children have both (a2-3)- and (a2- 
6)-linked sialic acid but have a greater abundance of sialyl(a2- 
3)-linked oligosaccharides than do adult lungs (Walther et al., 
2013). If a human is constantly exposed to an environment of 
highly concentrated avian viruses, such as a poultry breed- 
ing farm or a live poultry market, the human can be directly 
infected with avian viruses, such as H5N1 . 

If the newly suggested classification based on conformation 
types as well as the sugar length of sialyl (a2-6)-containing 
oligosaccharides at the receptor binding sites is adapted, it 
is possible to detect the evolution of the human-adapted flu 
virus rapidly and efficiently using tandem MS/MS mass spec- 
trometry and glycan arrays with long length sialyl(a2-6) oligo- 
saccharides (Stevens ef al., 2004; Xu ef al., 2008; Wang and 
Zheng, 2009; Viswanathan era/., 2010). On the other hand, a 
sufficient understanding of the avian HA mutations leading to 
the preference of the extended conformation with long length 
sialyl(a2-6)-containing oligosaccharides will facilitate the de- 
velopment of novel antiviral drugs. 



THE THIRD MONOSACCHARIDE TYPE SPECIFICITY 
OF AVIAN- AND MAMMALIAN-FLU VIRUSES 

Influenza viruses adapted to avian animals-such as ducks, 
gulls, and chickens-can recognize specific types of the third 
monosaccharides next to the Neu5Ac(a2-3)Gal disaccharide 
of the receptors. Duck viruses preferentially bind to receptors 



Fig. 4. Distribution of sialyl (a2-3) and/or (a2-6) linkages contain- 
ing oligosaccharides in human respiratory tracts. The human lungs 
and lower respiratory tract have mainly sialyl (a2-3)-linked recep- 
tors for avian viruses, such as Av 18 and H5N1. The human bron- 
chus and upper respiratory contain mixtures of (a2-3)- and (a2-6)- 
linked sialic acid, which are receptors for human-adapted viruses, 
such as H3N2, H1N1, Tx92, Sc18, and NY18. The bronchus con- 
tains more (a2-3)-linked sialic acid than does the upper respiratory 
tract. 



with the oligosaccharide sequences Neu5Ac(a2-3)Gal(pi-3) 
GlcNAc and Neu5Ac(a2-3)Gal(|31-3)GalNAc. Gull viruses 
show high binding to the fucosylated sialoligosaccharides 
Neu5Ac(a2-3)Gal(p1-4)(fuc(a1-3))GlcNAc) and Neu5Ac(a2-3) 
Gal(pi-3)(fuc(a1-4))GlcNAc). On the other hand, chicken vi- 
ruses preferentially bind to Neu5Ac(a2-3)Gal(pi-4)GlcNAc 
and sulfated trisaccharides and tetrasaccharides, such as 
Neu5Ac(a2-3)Gal(pi-4)6-sulfatedGlcNAc and Neu5Ac(a2-3) 
Gal(pi-4)(fuc(a1-3))6-sulfatedGlcNAc, respectively (Russel ef 
al., 2006; Rumschlag-Booms and Rong, 2013). The oligosac- 
charide Neu5Ac(a2-3)Gal(p1-3)6-sulfatedGlcNAc is known to 
be the ligand of L-selectin (Ha et al., 2003; Yoo and Yoon, 
2008). Mammalian viruses can also recognize and bind with 
Neu5Ac(a2-3)Gal(p1-3)6-sulfatedGlcNAc (Gambaryan et al., 
2005). Thus, mammalian viruses bind to the same oligosac- 
charide as do chicken and gull viruses. Also, fucosylated or 
sulfated sialic-acid-containing trisaccharides are present in 
the target tissues of both mammals and chickens (Russel 
ef al., 2006; Rumschlag-Booms and Rong, 2013). Thus, the 
currently accepted paradigm of classifying viruses as only 
sialyl(a2-3) or (a2-6) linkage types is not sufficient to explain 
the infection and transmission of various strains of avian and 
mammalian influenza viruses. This paradigm must be revised 
to avoid inappropriate conclusions and applications for devel- 
oping new species-specific antiviral drugs. 



CONCLUDING REMARKS 

HA of the influenza virus recognizes the specific linkage 
type, length, and conformation of oligosaccharides as the 
receptor binding sites for attachment to the host. HA-oligo- 
saccharide binding has various kinds of inter- and intra-sugar 
interactions. Sialyl(a2-3)-linked oligosaccharides, ionic bonds, 
inter-, intra-molecular H-bond, and dipole-dipole interactions 
are related between HA and sialylated oligosaccharides. In 
addition, longer sialyl(a2-6) oligosaccharides with a length 
greater tetrasaccharide would have the extended conforma- 
tion through stabilizing Van der Waals interactions between 
GlcNAc and an acetyl group of Neu5Ac. Also, the extended 
conformation is involved in interactions between HA amino 
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acids and the 4 th and 5 th monosaccharides of the long length 
oligosaccharides. It is necessary to study the receptor speci- 
ficities of influenza viruses of various hosts in more detail to 
keep an eye on the evolution of new pandemic viruses that 
threaten human health and also to develop the 2 nd Tamiflu as 
their remedy. Also, development of new antiviral drugs based 
on other HA characteristics and combinations of commercially 
available antiviral drugs are needed in the near future. 



ACKNOWLEDGMENTS 

This study was supported by a research fund from Honam 
University, 2011. 



REFERENCES 

Babu, Y. S., Chand, P., Bantia, S., Kotian, P., Dehghani, A., El-Kattan, 
Y, Lin, T. H., Hutchison, T. L, Elliott, A. J., Parker, C. D., Ananth, 
S. L, Horn, L. L, Laver, G. W. and Montgomery, J. A. (2000) BCX- 
1812 (RWJ-270201): discovery of a novel, highly potent, orally 
active, and selective influenza neuraminidase inhibitor through 
structure-based drug design. J. Med. Chem. 43, 3482-3486. 

Bantia, S., Parker, C. D., Ananth, S. L, Horn, L. L, Andries, K., Chand, 
P., Kotian, P. L, Dehghani, A., El-Kattan, Y, Lin, T., Hutchison, T. L, 
Montgomery, J. A., Kellog, D. L. and Babu, Y. S. (2001) Compari- 
son of the anti-influenza virus activity of RWJ-270201 with those 
of oseltamivir and zanamivir. Antimicrob. Agents Chemother. 45, 
1162-1167. 

Baz, M., Abed, Y, Papenburg, J., Bouhy, X., Hamelin, M. E. and Bo- 
ivin, G. (2009) Emergence of oseltamivir-resistant pandemic H1 N1 
virus during prophylaxis. N. Engl. J. Med. 361, 2296-2297. 

Bateman, A. C, Karamanska, R., Busch, M. G., Dell, A., Olsen, C. W. 
and Haslam, S. M. (2010) Glycan analysis and influenza A virus in- 
fection of primary swine respiratory epithelial cells: the importance 
of NeuAca2-6 glycans. J. Biol. Chem. 285, 34016-34026. 

Belser, J. A., Blixt, O., Chen, L. M., Pappas, C, Maines, T. R., Van 
Hoeven, N., Donis, R., Busch, J., McBride, R., Paulson, J. C, Katz, 
J. M. and Tumpey, T. M. (2008) Contemporary North American 
influenza H7 viruses possess human receptor specificity: Implica- 
tions for virus transmissibility. Proc. Natl. Acad. Sci. U.S.A. 105, 
7558-7563. 

Belshe, R. B. (2005) The origins of pandemic influenza-lessons from 
the 1918 virus. N. Engl. J. Med. 353, 2209-2211. 

Claas, E. C, Osterhaus, A. D., van Beek, R., De Jong, J. C, Rim- 
melzwaan, G. R, Senne, D. A., Krauss, S., Shortridge, K. F. and 
Webster, R. G. (1998) Human influenza A H5N1 virus related to a 
highly pathogenic avian influenza virus. Lancet 351 , 472-477. 

Chandrasekaran, A., Srinivasan, A., Raman, R., Viswanathan, K., 
Raguram, S., Tumpey, T. M., Sasisekharan, V. and Sasisekharan, 
R. (2008) Glycan topology determines human adaptation of avian 
H5N1 virus hemagglutinin. Nat. Biotechnol. 26, 107-113. 

Chen, L. M., Blixt, O., Stevens, J., Lipatov, A. S., Davis, C. T, Collins, 
B. E., Cox, N. J., Paulson, J. C. and Donis, R. O. (2012) In vitro 
evolution of H5N1 avian influenza virus toward human-type recep- 
tor specificity. Virology 422, 105-113. 

Cohen, J. (2013) Influenza. New flu virus in China worries and con- 
fuses. Science 340, 129-130. 

Clercq, E.D. (2013) Antivirals: Past, present and future. Biochem. 
Pharmacol. 85, 727-744. 

Collins, P. J., Haire, L. R, Lin, Y. P., Liu, J., Russell, R. J., Walker, P. 
A., Skehel, J. J., Martin, S. R., Hay, A. J. and Gamblin, S. J. (2008) 
Crystal structures of oseltamivir-resistant influenza virus neuramin- 
idase mutants. Nature 453, 1258-1261. 

Colman, P. M., Varghese, J. N. and Laver, W. G. (1983) Structure of 
the catalytic and antigenic sites in influenza virus neuraminidase. 
Nature 303, 41-44. 

Gambaryan, A., Yamnikova, S., Lvov, D., Tuzikov, A., Chinarev, A., 



Pazynina, G., Webster, R., Matrosovich, M. and Bovin, N. (2005) 
Receptor specificity of influenza viruses from birds and mammals: 
new data on involvement of the inner fragments of the carbohy- 
drate chain. Virology 334, 276-283. 

Gubareva, L. V., Kaiser, L. and Hayden, F. G. (2000) Influenza virus 
neuraminidase inhibitors. Lancet 355, 827-835. 

Ha, Y, Stevens, D. J., Skehel, J. J. and Wiley, D. C. (2001) X-ray 
structures of H5 avian and H9 swine influenza virus hemagglutinins 
bound to avian and human receptor analogs. Proc. Natl. Acad. Sci. 
U.S.A. 98, 11181-11186. 

Ha, Y, Stevens, D. J., Skehel, J. J. and Wiley, D. C. (2003) X-ray struc- 
ture of the hemagglutinin of a potential H3 avian progenitor of the 
1968 Hong Kong pandemic influenza virus. Virology 309, 209-218. 

Haselhorst, T, Garcia, J. M., Islam, T, Lai, J. C, Rose, R J., Nicholls, 
J. M., Peiris, J. S. and von Itzstein, M. (2008) Avian influenza H5- 
containing virus-like particles (VLPs): host-cell receptor specificity 
by STD NMR spectroscopy. Angew. Chem. Int. Ed. Engl. 47, 1910- 
1912. 

Hatta, M., Gao, P., Halfmann, P. and Kawaoka, Y. (2001) Molecular 
basis for high virulence of Hong Kong H5N1 influenza A viruses. 
Science 293, 1840-1842. 

Hayden, R (2009) Developing new antiviral agents for influenza treat- 
ment: what does the future hold? Clin. Infect. Dis. 48 Suppl 1 , S3- 
13. 

Hayden, F. G. and Pavia, A. T. (2006) Antiviral management of season- 
al and pandemic influenza. J. Infect. Dis. 194 Suppl 2, S119-126. 

Hvistendahl, M., Normile, D. and Cohen, J. (2013) Influenza. Despite 
large research effort, H7N9 continues to baffle. Science 340, 414- 
415. 

Imai, M. and Kawaoka, Y. (2012) The role of receptor binding speci- 
ficity in interspecies transmission of influenza viruses. Curr. Opin. 
Virol. 2, 160-167. 

Ison, M. G. (2011) Antivirals and resistance: influenza virus. Curr. O- 

pin. Virol. 1, 563-573 
Jimenez-Alberto, A., Alvarado-Facundo, E., Ribas-Aparicio, R. M. and 

Castelan-Vega, J. A. (2013) Analysis of adaptation mutants in the 

hemagglutinin of the influenza A(H1N1 )pdm09 virus. PloS One 8, 

e70005. 

Kumari, K., Gulati, S., Smith, D. F, Gulati, U., Cummings, R. D. and 
Air, G. M. (2007) Receptor binding specificity of recent human 
H3N2 influenza viruses. Virol. J. 4, 42. 

Laver, G. (2006) Antiviral drugs for influenza: Tamiflu past, present and 
future. Future Virol. 1 , 577-586. 

Layne, S. P., Monto, A. S. and Taubenberger, J. K. (2009) Pandemic 
influenza: an inconvenient mutation. Science 323, 1560-1561. 

Lee, S. M. and Yen, H. L. (2012) Targeting the host or the virus: current 
and novel concepts for antiviral approaches against influenza virus 
infection. Antiviral Res. 96, 391-404. 

Mair, C. M., Ludwig, K., Herrmann, A. and Sieben, C. (2014) Recep- 
tor binding and pH stability - How influenza A virus hemagglutinin 
affects host-specific virus infection. Biochim. Biophys. Acta 1838, 
1153-1168. 

Matrosovich, M., Herrler, G. and Klenk, H. D. (2013) Sialic acid recep- 
tors of viruses. Top. Curr. Chem. 128, 466. 

Memoli, M. J., Hrabal, R. J., Hassantoufighi, A., Eichelberger, M. C. 
and Taubenberger, J. K. (2010) Rapid selection of oseltamivir- and 
peramivir-resistant pandemic H1N1 virus during therapy in 2 immu- 
nocompromised hosts. Clin. Infect. Dis. 50, 1252-1255. 

Neumann, G. and Kawaoka, Y. (2006) Host range restriction and 
pathogenicity in the context of influenza pandemic. Emerg. Infect. 
Dis. 12, 881-886. 

Neumann, G., Noda, T. and Kawaoka, Y. (2009) Emergence and pan- 
demic potential of swine-origin H1N1 influenza virus. Nature 459, 
931-939. 

Nguyen, D. C, Uyeki, T. M., Jadhao, S., Maines, T, Shaw, M., Mat- 
suoka, Y, Smith, C, Rowe, T, Lu, X., Hall, H., Xu, X., Balish, A., 
Klimov, A., Tumpey, T. M., Swayne, D. E., Huynh, L. P., Nghiem, H. 
K., Nguyen, H. H., Hoang, L. T, Cox, N. J. and Katz, J. M. (2005) 
Isolation and characterization of avian influenza viruses, including 
highly pathogenic H5N1 , from poultry in live bird markets in Hanoi, 
Vietnam, in 2001. J. Virol. 79, 4201-4212. 

Nicholls, J. M., Bourne, A. J., Chen, H., Guan, Y. and Peiris, J. S. 



http://dx.doi.Org/1 0.4062/biomolther.201 4.005 



98 



Yoo. Oligosaccharides Related to Influenza Viruses 



(2007) Sialic acid receptor detection in the human respiratory tract: 
evidence for widespread distribution of potential binding sites for 
human and avian influenza viruses. Respir. Res. 8, 73. 

Pappas, C, Viswanathan, K., Chandrasekaran, A., Raman, R., Katz, 
J. M., Sasisekharan, R. and Tumpey, T. M. (2010) Receptor speci- 
ficity and transmission of H2N2 subtype viruses isolated from the 
pandemic of 1957. P/oS One 5, e11158. 

Paulson, J. C, Blixt, O. and Collins, B. E. (2006) Sweet spots in func- 
tional glycomics. Nat. Chem. Biol. 2, 238-248. 

Perrone, L. A. and Tumpey, T. M. (2007) Reconstruction of the 1918 
pandemic influenza virus: how revealing the molecular secrets of 
the virus responsible for the worst pandemic in recorded history 
can guide our response to future influenza pandemics. Infect. Dis- 
ord. Drug Targets 7, 294-303. 

Puzelli, S., Facchini, M., Di Martino, A., Fabiani, C, Lackenby, A., 
Zambon, M. and Donatelli, I. (2011) Evaluation of the antiviral drug 
susceptibility of influenza viruses in Italy from 2004/05 to 2009/10 
epidemics and from the recent 2009 pandemic. Antiviral Res. 90, 
205-212. 

Raman, R. and Sasisekharan, R. (2007) Cooperativity in glycan-pro- 

tein interactions. Chem. Biol. 14, 873-874. 
Rumschlag-Booms, E. and Rong, L. (2013) Influenza a virus entry: 

implications in virulence and future therapeutics. Adv. Virol. 2013, 

121924. 

Russel, R. J., Haire, L. F, Stevens, D. J., Collins, P. J., Lin, Y. P., Black- 
burn, G. M., Hay, A. J., Gamblin, S. J. and Skehe, J. J. (2006) The 
structure of H5N1 avian influenza neuraminidase suggests new 
opportunities for drug design. Nature 443, 45-49. 

Samson, M., Pizzorno, A., Abed, Y. and Boivin, G. (2013) Influenza 
virus resistance to neuraminidase inhibitors. Antiviral Res. 98, 1 74- 
185. 

Shriver, Z., Raman, R., Viswanathan, K. and Sasisekharan, R. (2009) 
Context-specific target definition in influenza a virus hemagglutinin- 
glycan receptor interactions. Chem. Biol. 16, 803-814. 

Sorrell, E. M., Schrauwen, E. J., Linster, M., De Graaf, M., Herfst, S. 
and Fouchier, R. A. (2011) Predicting 'airborne' influenza viruses: 
(trans-) mission impossible? Curr. Opin. Virol. 1, 635-642. 

Srinivasan, A., Viswanathan, K., Raman, R., Chandrasekaran, A., Ra- 
guram, S., Tumpey, T. M., Sasisekharan, V. and Sasisekharan, R. 

(2008) Quantitative biochemical rationale for differences in trans- 
missibility of 1918 pandemic influenza A viruses. Proc. Natl. Acad. 
Sci. U.S.A. 105, 2800-2805. 

Stevens, J., Blixt, O., Chen, L. M., Donis, R. O., Paulson, J. C. and 
Wilson, I. A. (2008) Recent avian H5N1 viruses exhibit increased 
propensity for acquiring human receptor specificity. J. Mol. Biol. 
381, 1382-1394. 

Stevens, J., Blixt, O., Paulson, J. C. and Wilson, I. A. (2006a) Glycan 
microarray technologies: tools to survey host specificity of influen- 
za viruses. Nat. Rev. Microbiol. 4, 857-864. 

Stevens, J., Blixt, 0., Tumpey, T. M., Taubenberger, J. K., Paulson, 
J. C. and Wilson, I. A. (2006b) Structure and receptor specificity 
of the hemagglutinin from an H5N1 influenza virus. Science 312, 
404-410. 

Stevens, J., Corper, A. L, Basler, C. F, Taubenberger, J. K., Palese, 
P. and Wilson, I. A. (2004) Structure of the uncleaved human H1 
hemagglutinin from the extinct 1918 influenza virus. Science 303, 
1866-1870. 

Stoner, T. D., Krauss, S„ DuBois, R. M., Negovetich, N. J., Stallknecht, 
D. E., Senne, D. A., Gramer, M. R., Swafford, S., DeLiberto, T, 
Govorkova, E. A. and Webster, R. G. (2010) Antiviral susceptibility 
of avian and swine influenza virus of the N1 neuraminidase sub- 
type. J. Virol. 84, 9800-9809. 



Taylo, M. E. and Drickame, K. (2011) Viruses use lectins to target cell 
surfaces, Introduction to Glycobiology, Oxford University Press, 
London. 

Tumpey, T. M., Basler, C. F, Aguilar, P. V., Zeng, H., Solorzano, A., 
Swayne, D. E., Cox, N. J., Katz, J. M., Taubenberger, J. K., Palese, 
P. and Garcia-Sastre, A. (2005) Characterization of the reconstruct- 
ed 1918 Spanish influenza pandemic virus. Science 310, 77-80. 

Varghese, J. N., Laver, W. G. and Colman, P. M. (1983) Structure of 
the influenza virus glycoprotein antigen neuraminidase at 2.9 A 
resolution. Nature 303, 35-40. 

Vavricka, C. J., Li, Q., Wu, Y, Qi, J., Wang, M., Liu, Y, Gao, F, Liu, J., 
Feng, E., He, J., Wang, J., Liu, H., Jiang, H. and Gao, G. F. (2011) 
Structural and functional analysis of laninamivir and its octanoate 
prodrug reveals group specific mechanisms for influenza NA inhibi- 
tion. PLoS Pathog. 7, e1 002249. 

Viswanathan, K., Chandrasekaran, A., Srinivasan, A., Raman, R., Sa- 
sisekharan, V. and Sasisekharan, R. (2010) Glycans as receptors 
for influenza pathogenesis. Glycoconj. J. 27, 561-570. 

Walther, T, Karamanska, R., Chan, R. W., Chan, M. C, Jia, N., Air, G., 
Hopton, C, Wong, M. P., Dell, A., Malik Peiris, J. S., Haslam, S. M. 
and Nicholls, J. M. (2013) Glycomic analysis of human respiratory 
tract tissues and correlation with influenza virus infection. PLoS 
Pathog. 9, e1 003223. 

Wang, N. X. and Zheng, J. J. (2009) Computational studies of H5N1 
influenza virus resistance to oseltamivir. Protein Sci. 18, 707-715. 

Watanabe, Y, Ibrahim, M. S., Suzuki, Y. and Ikuta, K. (2012) The 
changing nature of avian influenza A virus (H5N1). Trends Micro- 
biol. 20, 11-20. 

Xu, D„ Newhouse, E. I., Amaro, R. E., Pao, H. C, Cheng, L. S., Ma- 
rkwick, P. R., McCammon, J. A., Li, W. W. and Arzberger, P. W. 
(2009) Distinct glycan topology for avian and human sialopenta- 
saccharide receptor analogues upon binding different hemaggluti- 
nins: a molecular dynamics perspective. J. Mol. Biol. 387, 465-491. 

Xu, R„ McBride, R., Nycholat, C. M., Paulson, J. C. and Wilson, I. 
A. (2012) Structural characterization of the hemagglutinin receptor 
specificity from the 2009 H1N1 influenza pandemic. J. Virol. 86, 
982-990. 

Xu, X., Zhu, X., Dwek, R. A., Stevens, J. and Wilson, I. A. (2008) 
Structural characterization of the 1918 influenza virus H1N1 neur- 
aminidase. J. Virol. 82, 10493-10501. 

Yamada, S., Shinya, K., Takada, A., Ito, T, Suzuki, T, Suzuki, Y., Le, 
Q. M., Ebina, M., Kasai, N., Kida, H., Horimoto, T, Rivailler, P., 
Chen, L. M., Donis, R. O. and Kawaoka, Y. (2012) Adaptation of a 
duck influenza A virus in quail. J. Virol. 86, 1411-1420. 

Yen, H. L., Lipatov, A. S., Ilyushina, N.A., Govorkova, E. A., Franks, J., 
Yilmaz, N., Douglas, A., Hay, A., Krauss, S., Rehg, J. E., Hoffmann, 
E. and Webster, R. G. (2007) Inefficient transmission of H5N1 in- 
fluenza viruses in a ferret contact model. J. Virol. 81, 6890-6898. 

Yoo, E. (2001 ) A conformational study of oligosaccharides investigated 
by tandem mass spectrometry and molecular modeling. Bull. Ko- 
rean Chem. Soc. 22, 293-297. 

Yoo, E. (2011) Study of specific oligosaccharide structures related with 
swine flu (H1N1) and avian flu, and tamiflu as their remedy. J. Mi- 
crobiol. Biotechnol. 21, 449-454. 

Yoo, E. and Yoon, I. (2008) Molecular simulations and conformational 
studies of fucose((a1-3)Gal(pi-X)GlcNAc where X=3,4, or 6 oligo- 
saccharides. Bull. Korean Chem. Soc. 29, 1755-1760. 

Zurcher, T, Yates, P. J., Daly, J., Sahasrabudhe, A., Walters, M., Dash, 
L., Tisdale, M. and McKimm-Breschkin, J. L. (2006) Mutations con- 
ferring zanamivir resistance in human influenza virus N2 neuramin- 
idases compromise virus fitness and are not stably maintained in 
vitro. J. Antimicrob. Chemother. 58, 723-732. 



99 



www.biomolther.org 



